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• Most investigations of the electrolyte shifts occurring in injured myocardial cells have been made by direct analysis of excised ischemic tissue obtained from myocardial infarcts. 1 These studies have shown that significant shifts in the electrolytes of ischemic myocardial cells do not occur until about 60 minutes after the time the cells are known to be irreversibly injured. 12 This 60-minute period could be a characteristic of the manner in which the dying myocardial cell comes into equilibrium with its environment; or, the process of equilibrium could be prolonged because diffusion of electrolyte within the infarct is slowed by the permanently reduced arterial blood flow. The studies described in this paper were made on myocardial cells irreversibly injured by a transient period of ischemia and the findings are contrasted to those noted in the permanent ischemia system used previously. Results show that only a brief period of restored flow of arterial blood to the ischemic myocardium is required to induce the massive electrolyte shifts characteristic of dead myocardial cells.
Direct chemical studies of electrolyte changes occurring in the myocardium acutely injured by ischemia are best done in a system which fulfills two requirements. First, the area of injury chosen for study should be of predictable location so that adequate tissue samples can be obtained during the phase when the myocardium, though injured, may appear to be grossly normal. Second, the site chosen for sampling should contain a high proportion of injured cells, in order to allow the early detection of changes in chemical composition.
The posterior papillary muscle infarct of the dog 3 meets the above requirements. This infarct is produced by permanently occluding the circumflex branch of the left coronary artery near its origin. A completely or almost completely necrotic posterior papillary muscle is found in the large posterolateral infarct of the left ventricle which results from the occlusion. Furthermore, transient occlusion of the circumflex artery at the same site, if sufficiently prolonged, results in focal areas of irreversible injury in the posterior papillary muscle. Foci of necrosis first appear after 22 minutes of transient ischemia and increase in extent with progressive increases in the period of transient ischemia until at 60 minutes, the posterior papillary muscle is almost completely necrotic.
In the experiments described below, 40 minutes of transient ischemia were used to injure myocardial cells in the posterior papillary muscle irreversibly. Samples of myocardium containing injured cells were studied in groups of dogs surviving restoration of the arterial circulation through the circumflex artery for periods of 20, 50, 80, and 200 minutes. The 40-minute period of ischemia was used because it was known to be sufficient to induce an extensive area of cellular injury which was free of hemorrhage. Sixty minutes of transient ischemia was not used, even though it produced more extensive necrosis in the posterior papillary muscle, because this period of ischemia often resulted in the devel- opment of hemorrhagic foci in the injured tissue. 2 Shorter periods of ischemia produced foci of necrosis which were believed to be too small to be suitable for the proposed study. 2
Methods
Healthy adult mongrel dogs were used. They were divided into two groups; a temporary occlusion group and a contrasting permanent occlusion group. Dogs were housed in air conditioned quarters maintained at 68°F and were given as much Borden's dog meal and water as they would eat.
TEMPORARY OCCLUSION GROUP
The circumflex artery of each of 28 dogs subjected to an overnight fast was occluded with a Goldblatt clamp at a point 13 to 21 mm from its origin. 2 Briefly, the operative procedure employed was as follows: Each dog was anesthetized with sodium pentobarbital, (Nembutal), approximately 60 mg/5 1b body wt. Respiration was maintained through an endotracheal rube with a Harvard respirator pump model 1063. The chest was opened through an incision in the left fourth intercostal space. After incising the pericardium widely, the circumflex branch of the left coronary artery was isolated under the left atrial appendage and occluded with a Goldblatt clamp.* The myocardium supplied by this artery became cyanotic within 3 to 20 seconds. Concurrently, electrocardiograms, taken with a Sanborn direct-writing electrocardiograph, model 51, showed elevation of the ST segments of leads n, in, and aVF. After noting the distribution of the cyanosis, the rib retractor was relaxed and the chest incision was covered with moist sterile towels. Eight dogs developed ventricular fibrillation while the artery was occluded. Five dogs developed ventricular fibrillation when the clamp * Obtained from B. Richter, Mfg. of Special Surgical Instruments, 234 St. Charles Rd., Lombard, Illi-was opened and the arterial flow was restored.
The remaining 15 dogs survived both the 40minute occlusion and the restoration of the arterial circulation. They were divided into four groups. Three were killed after 20 minutes and four each after 50, 80, and 200 minutes of restored blood flow through the circumflex artery. Adequate restoration of flow in each instance was manifested by the prompt disappearance of cyanosis in the affected myocardium, the loss of ST segment elevation in the electrocardiogram and the subsequent development of reactive hyperemia in the previously cyanotic area. General physiological and pathological features of this temporary occlusion procedure are described in detail elsewhere. 2 After the above intervals of restored arterial blood flow, the heart was quickly excised and the segment of myocardium containing the posterior papillary muscle was removed. A section 1 mm wide extending from endocardium to epicardium through the long axis of the posterior papillary muscle was cut out, examined grossly for evidence of injury, and then placed in a 10% formalin solution buffered to pH 7.0 with phosphate. The remaining posterior papillary muscle (PP), was cut from the adjacent myocardium, the endocardium was trimmed off and the residual tissue (50 to 350 mg) was placed into a tared weighing bottle for water, fat, and electrolyte analysis.
Identical analyses were performed on tissue taken from the myocardium immediately beneath the posterior papillary muscle. This tissue usually included some irreversibly injured cells and was labelled marginal infarct (MI). Duplicate samples, each weighing about 400 to 800 mg, were used. Nonischemic (control) left ventricle was obtained from the anterior superior portion of the interventricular septum (LV) for histological, histochemical, and chemical examination. Duplicate analyses were made on samples weighing between 0.4 and 2 g. Previous studies 1 -4 * have shown that the electrolyte and water content of PP, MI, and LV from normal dogs are similar. The LV tissue of each dog, therefore, served as control mvocardium. 
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PERMANENT OCCLUSION GROUP
Eighteen dogs that lived 30, 60, 130, 240 minutes, and 24 hours following ligation of the circumflex branch of the left coronary artery are included in these studies. The operative technique used has been described previously x and is similar to that described in the temporary occlusion group. Tissue was removed for analysis from the PP, MI, and LV. Myocardial electrolyte data from some of these dogs have been reported previously. 1
ELECTROLYTE DETERMINATIONS
Pyrex glassware that had been soaked seven days or more in nitric acid and then thoroughly washed was used throughout. Minced tissue from each site in the myocardium was dried to constant weight at 105°C in an oven. Lipids were then extracted for two hours with anhydrous reagent grade ethyl ether and for an additional two hours with petroleum ether. After extraction, the weighing bottles were again dried to constant weight. Fat-free wet weight was calculated and solvents containing lipids were returned to the weighing bottles and evaporated with heat supplied by an infrared lamp.
Tissue was transferred quantitatively into a calibrated 50-ml pyrex centrifuge tube with sufficient 0.75 N HNO 3 to bring the final volume to 25 or 50 ml. Tubes were then sealed with parafilm and shaken overnight at room temperature on a Kahn vibratory shaker. Sodium and potassium were determined on appropriate dilutions of the supernatent by flame photometry using a Beckman DU spectrophotometer and flame attachment. Chloride was determined potentiometrically. 5 A hot extraction procedure was used when total phosphorus was determined. Centrifuge tubes containing the tissue and acid were covered with small glass funnels, the stems of which had been fused. They were heated in a boiling water bath for one hour. This modification was necessary in order to accomplish complete extraction of phosphorus from the muscle. Tubes were covered in order to prevent loss of volatile chlorides. 5 Total phosphorus was measured in an aliquot of the 0.75 x HXO-j extract by a modification of Fiske and Subbarow's colorimetric technique.' 1 Organic phosphate was hydrolyzed to orthophosphate with 10 x H.,SO 4 and 30« H L .O L . (Merck's blue label) at 155°C for four hours, or overnight. If the extract was not clear at the end of the digestion period, the procedure was repeated using more H^O;..
The total serum water was determined on serum samples obtained immediately before operation and at sacrifice by the same technique used for determining total tissue water. The serum was never opalescent and was not defatted. Na and K were determined in serum by flame photometry. Chloride was determined potentiometrically as above, or by the titration technique of Volhard."
HISTOLOGIC TECHNIQUES
The formalin fixed myocardium was embedded in paraffin. Sections were cut at 5 JX and stained with hematoxylin and eosin, the periodic acid-Schiff technique with and without preceding amylase digestion for glycogen s and by Heidenhain's modification of Mallory's connective tissue stain.'*
Results
All dogs in the temporary occlusion series showed similar gross and microscopic evidence of injury even though the blood supply had been restored for different periods of time. Areas of injury were pale gray foci distributed throughout the portion of the myocardium supplied by the circumflex artery, but were always most prominent in the posterior papillary muscle.
Microscopic sections through the posterior papillary muscle showed islands of injured cells corresponding to the areas of injury observed grossly. Intercellular space was markedly increased in areas of injury suggesting the presence of interstitial edema. Injured cells were free of stainable glycogen and also showed myofibrils with wide I bands and fairly frequent prominent contraction bands. There was usually a sharp demarcation at the intercalated disc between an injured and an adjacent microscopically normal cell. There was considerable variation from dog to dog in the extent of the areas of injury. This variation is well illustrated using loss of glycogen as an indication of injury in figure 1. In both animals from which tissue was removed for this figure, blood flow was restored for 50 minutes following the 40-minute period of occlusion. The injured area is clearly much larger in dog 402 (fig. IB) than in dog 397 ( fig. 1A ).
WATER AND ELECTROLYTE CHANGES
The data from dogs after 20, 50, 80, and 200 minutes of restored arterial flow are given in table 1. Tissue from the posterior papillary muscle and marginal infarct of these animals A: dog 397T and B: dog 4021. heft circumflex arteries of both dogs were occluded for 40 minutes. Occlusions were then released and arterial flow restored to portion of myocardium supplied by the circumflex artery. After SO minutes of restored flow, the above sections through the full thickness of the posterolateral wall of the left ventricle were obtained. Sections are stained by the periodic acid-SchifJ technique. Cells containing glycogen are dark gray in the photographs and cells free of stainable glycogen are light gray. Posterior papillary muscle is the pale tissue at the top of each figure. It is pale because it contains the greatest concentration of injured cells, i.e., cells free of stainahle glycogen. Note that the distribution of the areas of glycogen loss within the posterior papillary muscle and the epicardium is irregular and that the amount of tissue free of glycogen is smaller in figure 1A than in figure IB, though both dogs were given the same treatment. X 3.5.
showed marked increases in total water, sodium, and chloride when compared to nonischemic left ventricle from the same animal. Marked decreases in potassium and slightly less marked decreases in total phosphorus were also noted in all but four dogs. Each of these dogs 370, 397, 403, and 404 showed edema but no marked changes in content of intracellular electrolyte when the latter values were corrected to the fat-free dry weight. However, two of these four dogs showed marked decreases in potassium in marginal infarct tissue.
There was little difference in the magnitude of the average changes observed in the PP after 20, 50, or 80 minutes of restored blood flow. Findings in the 200 minute group were slightly less marked. The average overall change in electrolyte level in PP relative to nonischemic left ventricle is summarized as per cent in table 3. The most marked changes were noted in the group with 50 minutes of restored flow. Three of the four dogs in this group showed large gross and microscopic areas of injury. The least marked changes were noted in the group with 200 minutes restored flow. Two of these four animals showed gross and microscopic areas of injury which were quite small. Myocardial electrolyte changes at 60 and 120 minutes were much more severe in dogs with transient occlusions than in those whose circumflex arteries were permanently occluded. At 240 minutes, there is little difference in the average degree of change found in either group. Data from groups with permanently occluded circumflex arteries are given in table 2. With the exception of three dogs, the water content of the PP in animals with permanent occlusions as old as 26 hours did not approach the levels manifested by dogs in the transient ischemia group. Sodium and chloride were increased commensurate with the amount of edema, and potassium was decreased. Changes were more marked with progressive increases in periods of ischemia until at 24 to 26 hours the findings were more severe than in the group with transient occlusions. This increase in severity is due to the fact that the posterior papillary muscle is nearly 100% necrotic in the permanent ischemia group in contrast to approximately 50% necrosis in the transient ischemia group. These comparative data are summarized in the second half of table 3.
Comparison of the water and electrolyte data from the nonischemic left ventricles of the dogs with transient versus permanent occlusions shows the water, sodium, and potassium values are greater in the transient ischemia group. These differences, though small, are significant ( P < 0.001). The reason for this difference is unknown.
INTERPRETATION
Comparison of the electrolyte changes induced in the posterior papillary muscle by transient ischemia to changes induced by permanent ischemia is complicated because the transient ischemia system produces a less uniform degree of injury than the permanent occlusion. Previous experiments have shown that permanent occlusion of the circumflexartery kills 90% or more of the cells in the PP and that transient occlusion of this vessel followed by several days of restored flow produces necrosis of about 55% of the cells in this muscle.-- 3 Electrolyte changes reported in table 4 plus gross and microscopic analysis of the tissue, figure 1 (A and B) , confirm this variation in the number of irreversibly injured cells in the PP found after 40 minutes of ischemia followed by 20 to 200 minutes of free arterial flow. The relationship of the electrolyte changes to the restoration of the blood flow could be evaluated better if the amount of necrosis in the samples of PP could be estimated accurately.
A rough estimate of the amount of necrosis in the PP can be made by planimetric quantitation of the extent of areas free of glycogen in stained sections such as those shown in figure 1 . However, this procedure is unsatis-the decreased potassium and increased chloride concentration characteristic of dead tissue to the levels of these ions in control left ventricle yields a rough estimate of the proportion of dead cells present in the sample. These calculations are given below:
PER CENT NECROSIS BASED ON POTASSIUM
The K content of PP, MI, and LV are known to be the same at the start of the experiment. 1 Both histochemical and chemical estimates indicate the K content of dead cells is that of the extracellular fluid (ECF). 1 Assume that all the K in the PP is in live cells and that the extracellular fluid K is similar in both areas. Then, using wet or dry weight K data:
Per cent normal cells in infarct = ,^.
X 100
Per cent necrosis in PP or MI = 100 -per cent normal cells factory in a tissue where the necrosis is often focal and a different portion of tissue than that used for histology is used for the chemical analysis.
A better estimate of the amount of necrosis in the sample used for analysis can be made on the basis of the potassium and chloride content of the injured tissue. This estimate is based on the proposition that dead cells have a potassium and chloride content similar to that of the extracellular fluid. Comparison of
PER CENT NECROSIS BASED ON ESTIMATION OF INTRACELLULAR FLUID WITH CHLORIDE
The chloride of normal cardiac muscle is believed to be located almost completely in an extracellular position. 10 Knowledge of the total tissue chloride (C1) T , and serum chloride (Cl) s , in meq/liter and total serum water (H:>O) S in g/kg and the Donnan equilibrium factor of 0.972 for heart allows calculation of the g of water present in the extracellular compartment in heart muscle (H-jO)^1. The = 100 -per cent normal cells These estimates are based on changes in distribution of an intracellular cation and an extracellular anion and are essentially independent of each other. This is particularly true if dry weight potassium levels are used for calculation, because wet weight potassium levels are artificially low since the injured tissue is diluted with edema fluid low in potassium. Reference to table 4 shows the estimate of per cent necrosis is generally greater with chloride than potassium, probably because some reversibly injured cells contain small amounts of chloride. However, the per cent necrosis figures obtained by either calculation correlate fairly well.
The marked variability in the number of dead cells in the PP of the dogs in each of the groups with transient ischemia is demonstrated clearly by this calculation. Based on dry weight K data, the per cent necrosis varied from zero to almost 70%, and with chloride from 0.4 to 90%. Note that the average per cent change from nonischemic LV reported in table 3 a K, Na, Cl, and probably a P content roughly equivalent to that of the extracellular fluid.
Discussion
Living myocardial cells of the left ventricle in the dog have a relatively constant electrolyte composition. 1 -"• 12 Direct examination by histochemical techniques have shown that the cells contain little or no chloride, 10 and much potassium x and phosphorus 10 while indirect chemical techniques have revealed the presence of only negligible amounts of intracellular sodium. 11 Dead myocardial cells, in contrast, contain little potassium and phosphorus and much sodium and chloride, (table 3) . The data of Iseri et al. 14 The transient ischemia model used in the experiments reported in table 1 shows that the electrolyte constitution of a dead myocardial cell can be produced by only 40 minutes of ischemia followed by 20 minutes of restored arterial blood flow. As expected, periods of restored flow of 50, 80, or 200 minutes do not restore electrolyte to cells that are irreversibly injured.
These experiments established clearly that massive intramyocardial shifts of electrolyte can be induced quickly by a transient ischemia technique. The results indicate that the reduced flow of blood through the infarct is the factor which slows the development of the electrolyte changes in myocardium made ischemic by permanent occlusion of a coronary artery. The implication is that diffusion of electrolytes into and out of infarcts caused by permanent occlusion of a coronary artery is a slow process, e.g., potassium ion has to leave the injured cell and then the ischemic area, while sodium has to enter the ischemic focus and then the injured cell, before alterations from normal can be detected by direct chemical examination. In contrast, an irreversibly injured cell in contact with the freely flowing blood supply of the transient ischemia system loses potassium and gains sodium quickly.
It seems probable that the situation existing in tissue injured by ischemia after any of the periods of restored flow used in our experiments is one in which the irreversibly injured cells have a potassium content similar to that of the extracellular fluid while the reversibly injured cells have a potassium content that is close to normal. Dogs 370, 397, 403, and 404, (table 4) which show little irreversible injury, i.e., some edema, but no very striking loss of potassium, indicate that reversibly injured cells either regain potassium quickly, or never lose it in significant amounts. An experiment similar to the one described in this paper was reported in summary form by Hastings et al. 1 -and in detail by Lowry et al. 13 in 1942. They did detailed analyses of electrolytes in normal and injured myocardium from dogs with 15 and 45 minute transient occlusions of the circumflex branch of the left coronary artery after 225 minutes of restored arterial flow. Aside from a little edema, no changes from normal were noted. They occluded the artery on the posterior siirface of the heart, at a considerable distance from its origin. Their failure to find changes is probably related to the difficulties of obtaining adequate samples of injured tissue in the posterior myocardium of dogs with low ligations of the circumflex artery. When infarcts are produced by such ligations, they are neither very large nor of very predictable location.
Summary
The electrolyte shifts occurring in myocardial cells irreversibly injured by ischemia were compared in two groups of dogs; one given 40 minutes of transient ischemia followed by 20, 50, 80, and 200 minutes of restored coronary arterial flow and the other 30, 60, 90, 130, and 240 minutes of permanent ischemia. Each interval of restored arterial flow in the transient ischemia group was associated with marked changes in the electrolyte content of the injured myocardium. Sodium, chloride, and water were increased and potassium and phosphorus were decreased. These changes occurred much more quickly in dogs exposed to transient ischemia than in dogs with comparable periods of permanent ischemia. These data indicate that objective chemical evidence of the death of myocardial cells develops slowly in areas of permanent ischemia primarily because of the reduced flow of blood through the ischemic injured tissue.
